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Porosity in structural materials limits their ultimate strength and 
hence their utility. Recently several studies which discuss the porosity 
induced ultrasonic attenuation have appeared [1-8]. Porosity assessment by 
ultrasonic attenuation measurement involves two principal problems: first, 
how to relate the porosity induced ultrasonic attenuation to porosity 
parameters such as average pore radius and volume fraction, and second, how 
to separate the sought porosity induced attenuation from other components 
contributing to the actually measured total attenuation. 
The first question was sufficiently answered by Gubernatis and 
Domany [4] who have developed formally exact expressions for the plane wave 
attenuation in porous media. Neglecting correlation between scatterers and 
presuming relatively weak porosity induced attenuation over a wavelength, 
their result simplifies to the following equation which has previously been 
given by others on physical grounds [2]. 
a(k) = ~Y(k), (1) 
where a(k) is the porosity induced plane wave attenuation coefficient, 
Y(k) is the total scattering cross-section of a single scatterer averaged 
over the whole pore distribution, k is the wave number in the host medium, 
and n is the number density of the pores. The scattering cross-section can 
be written as the product of the double geometrical cross-section and the 
reduced scattering cross-section r(kap) 
(2) 
where ap denotes the pore radius. The reduced scattering cross-section 
r(kap) depends on the host medium only through its Poisson ratio, which makes 
it possible to determine the pore radius ap from the shape of the attenuation 
coefficient versus frequency curve. Subsequently, the pore density can be 
calculated from the scattering induced attenuation by using Eq. 1. 
Gubernatis and Domany [4] showed that this simple data reduction technique 
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yields accurate porosity parameters for spherical voids of peaked size 
distribution and less than 5% volume fraction, and a recent comprehensive 
experimental study (1] confirmed these predictions. 
BACKSCATTERING TECHNIQUE 
The major drawback of this otherwise fairly successful technique is the 
necessity of smooth, parallel surfaces to measure the ultrasonic attenuation 
of the sample. Although the same method can be extended [9] to account for 
weak surface roughness effects, too, the field of truly nondestructive appli-
cations remains rather limited because of the restriction on the shape of the 
sample. A more promising technique is based upon the measurement of the 
ultrasonic attenuation from the backscattered signal which is much less 
sensitive to the geometry of the sample. This approach for porosity assess-
ment was first suggested by Rose (7] and implemented by Hsu et. al. [10] 
using a narrow band tone-burst technique . This method has been used for some 
fifteen years to measure grain scattering induced attenuation in polycrys-
talline materials [11,12] . We chose a somewhat different broadband technique 
used e.g. in tissue characterization [13) because of the necessity to recover 
the whole attenuation coefficient versus frequency curve to calculate both 
important porosity parameters. 
The schematic diagram of the backscattering technique is shown ~n 
Fig. 1. The porous sample is interrogated by a broadband ultrasonic trans-
ducer. The backscattered signal is time gated and frequency analyzed at 
different spatial positions and/or angles of incidence. Of course each 
individual spectrum will be modulated by the random interference between 
uncorrelated scatterers in the corresponding region, but the characteristic 
power spectrum of a certain layer can be recovered by extensive spatial 
averaging. Subsequently, the difference between two such power spectra 
yields the·ultrasonic attenuation as measured from the backscattered signal. 
Fig. 2 shows the avtraged backscattered power spectra of two 6mm thick 
layers separated by 18mm. Due to the ext4-nsive spatial averaging, the re-
maining ripple on the spectra is negligible with respect to the difference 
between them. Fig. 3 shows this difference which is de f ined as the tota l 
attenuation and is due to the poros ity induced scat tering and diffraction 
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Fig. 1. The schematic diagram of ultrasonic attenuation 
measurement from the backscattered power spectra 
(neglecting the random interference modulation). 
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Fig. 2. Backscattered power spectra after spatial 
averaging over 111 points. 
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Fig. 3. Ultrasonic attenuation calculated from 
the backscattered spectra . 
loss caused by the spr ead of the interrogating beam (other weaker effec ts 
such as grain scattering can be neglected). The diffraction loss for two 
backscattering layers is somewhat higher than for two plane reflectors in the 
same positions, therefore the well-known Lommel correction [14,15] can not be 
used. For lack of explicit correction for this case, the rather rough 
approximation plot ted by dashed line in Fig. 3 was introduced presuming that 
the acoustic field is simply a well collimated beam up to the near-field 
far-field transition, from where it diverges like a spherical wave. At very 
low frequencies bo th layers are in this far-field, and t he diffraction 
correction is 40 log (zz/ zl), where zz and z1 are the effective dis tances of 
the two l ayers from the transducer. At high frequencies both layers are in 
the near-field, and the diffrac tion correction is zero. A more accurate 
diffraction correction can be ca lculated by published analytical me thods 
[16-18]. 
1413 
After subtracting the diffraction induced part from the measured 
ultrasonic attenuation and dividing the remaining term by the round trip 
propagation length between the two layers, the porosity induced ultrasonic 
attenuation coefficient can be plotted as a function of frequency. The 
results of the backscattering and collimated beam techniques a~e compared in 
Fig. 4. Although the curves are quite similar in shape, their absolute 
values are rather different. Consequently, the volume fraction is badly 
underestimated when the attenuation coefficient is calculated from the back-
scattered signal. Experimental errors can not result in such a high 
difference, therefore we can presume that the diffuse incoherent backscat-
tered signal is less attenuated by scattering than the well collimated, 
coherent through-transmitted wave. In the following, we shall introduce a 
simple model to account for this reduced attenuation. 
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Fig. 4. The scattering induced attenuation coefficient 
measured by different techniques. The calcu-
lated pore radius and volume fraction are 120~m 
and 1.05% by the collimated beam and 130~m and 
0.55% by the backscattering technique. 
SCATTERING INDUCED ATTENUATION 
We define the scattering induced attenuation simply as the loss of the 
detected signal due to scattering. Beside the scattering inhomogeneity 
itself, this loss will depend on the nature of the acoustical wave as well. 
The scattered acoustical energy, as opposed to the absorbed energy, will not 
be completely lost from the field, although its directivity distribution will 
change according to the scattering properties of the inhomogeneity. As for a 
plane wave, this difference is negligible, therefore the power loss due to 
scattering on a particular pore can be written as: 
dPi = IY i (k) (3) 
where I is the uniform intensity of the plane wave, and Yi(k) is the total 
scattering cross-section of the ith pore. The well-known plane wave attenu-
ation coefficient of Eq. 1 can be derived from Eq. 3 by averaging over the 
whole pore distribution, 
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- 1 dP - 1 -y ( ) 
apor - ~n r- - ~n k (4) 
From all different waves, the plane wave is attenuated the most by 
scattering, while a completely diffuse wave is not attenuated at all. At 
first, let us examine the scattering induced attenuation of the more real-
istic acoustic wave produced by an unfocused transducer of high diameter-to-
wavelength ratio. The schematic diagram of the coordinate system is shown 
in Fig. 5. 
The power loss due to scattering on a particular pore will depend on 
the field intensity at the position of this pore as well: 
(5) 
where ~ is an appropriate field parameter. When calculating the average 
power loss due to a single scatterer in the z, z + dz layer, we must average 
over the different local intensities as well as over the different pores. 
These distributions are uncorrelated, therefore 
dP = ~~~2 Y(k). (6) 
Of course the finite diameter transducer will be somewhat sensitive to 
directions other than its axis as well, but we can use the total scattering 
cross-section anyway as a very good approximation because the transducer 
diameter is much higher than the average pore diameter. Consequently, 
regardless of the frequency, the scattered energy will be radiated into a 
much higher solid angle than the angle of acceptance of the transducer. 
As for the averaged intensity in Eq. 6, we can introduce the spatial 
frequency distribution Fz(kx,ky) of the acoustic field in the z plane and 
make the averaging in the kx,ky domain. According to the Parseval theorem, 
JJI~(x,y,z)l 2 dxdy = JJIFz(kx,ky)l2 dkx dky, 
-oo -oo 
(7) 
where 
(8) 
Neglecting the evanescent field components, k2x + k2y < k2 and 
(9) 
i.e. the modulus of the spatial frequency spectrum is independent of z, and 
the averaged intensity is the same in every z plane. A finite beam transducer 
has a finite angle of acceptance as well, which makes the field distribution 
somewhat uneven, but, as an average, this wave is attenuated in the same way 
as a uniform plane wave. 
y 
X ith pore 
Fig. 5. The schematic diagram of the coordinate system. 
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As for the backscattered wave, an even more important conclusion can be 
drawn from this simple model. The total scattering cross-section corresponds 
to the sum of the total backward and forward scattered acoustic energy: 
(10) 
The total backward scattered energy includes all spatial frequency components 
propagating into the backward kz ~ 0 directions and, for sake of simplicity, 
the mode-converted energy scattered mainly into the normal kz ~o directions. 
When calculating the average intensity of the acoustic field after the pore, 
these components will not contribute at all. On the other hand, the spatial 
frequency components scattered into the forward 2~ solid angle will not 
reduce the average intensity after the pore, thereby they will not attenuate 
the backscattered signal. Consequently, a more appropriate attenuation 
coefficient for the backscattered signal will include only the total backward 
scattering cross-section: 
(11) 
It is well known that even the through-transmitted wave of a finite beam 
transducer becomes less attenuated as the whole field becomes more and more 
diffuse [19]. This phenomenon can be fully explained by multiple scattering. 
Experimental results show that porosity assessment based on the single 
scattering approximation of Eq. 1 works fairly well up to 40-SOdB total 
scattering induced attenuation, when only .001 - .01% of the total acoustic 
energy propagates in the coherent through-transmitted wave i.e. the field 
is rather diffuse already. This is due to the coherent detection over the 
relatively large aperture of the phase-sensitive receiver. The same single 
scattering approximation was extended above for the backscattered signal, 
i.e. a double scattering apprqach was used. According to Eq. 11, even in 
its beginning part, the backscattered signal is much less attenuated by 
scattering than a plane wave. This result is in contradiction with existing 
models [11,12], although it was recently reported that the plane wave approx-
imation can not explain the experimentally measured decay of the back-
scattered signal, and a simplified diffusion theory was formulated to solve 
the problem [20]. 
Most grain scattering studies were made in the Rayleigh and stochastic 
regions where the attenuation is a steeply increasing function of both grain 
size and frequency, therefore a modest underestimation in the scattering 
induced attenuation can be easily tolerated. On the other hand, porosity 
assessment is mainly based on the diffuse region where the scattering 
induced attenuation is proportional to the volume fraction, therefore any 
underestimation in the attenuation will result in the same error in the 
porosity parameter as well. Furthermore, in the high frequency diffuse 
region, the scattering is mainly forward directed, while in the lower 
frequency Rayleigh and stochastic regions it is fairly evenly distributed 
between the forward and backward 2~ solid angles. Consequently, the 
difference between the plane wave and backscattering attenuations is more 
important in the case of porosity assessment than in grain structure 
analysis. 
The physical meaning of Eq. 11 can be better understood through the 
example of surface roughness induced attenuation. The ultrasonic trans-
mission through a sroooth liquid-solid interface at normal incidence depends 
on the acoustic impedances of the two media only, e.g. in the case of water 
and aluminum, 30% of the incident energy gets through. Slight surface 
roughness does not effect directly the energy transmission, although the 
transmitted field becomes somewhat diffuse, i.e. the same transmitted 
energy is scattered into the forward 2~ solid angle [9]. The surface 
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roughness induced attenuation of the transmitted plane wave can be calculated 
from the total scattering cross-section of the surface inhomogeneity, which 
is related to the rms roughness. On the other hand, according to Eq. 11, 
the backscattered signal will not be attenuated by the surface roughness at 
all, which.is a well known experimental fact. 
CONCLUSIONS 
The feasibility of nondestructive porosity assessment by ultrasonic 
attenuation measurement was investigated. The porosity induced attenuation 
was calculated by comparing the backscattered power spectra from layers in 
different depths. Excessive spatial averaging was used to eliminate the 
random nature of the backscattered signals. Both the average pore radius 
and volume fraction were quantitatively determined from the frequency 
dependent attenuation coefficient. By comparing the results of the colli-
mated beam through-transmission and backscattering techniques, the predicted 
pore radii were found to be in reasonably good agreement, but the volume 
fraction was underestimated in the latter case by as much as 50%. 
To explain this deficiency, we suggested that the backscattered signal 
is less attenuated by scattering even at the very beginning of the signal. 
A new theoretical analysis is needed to account for the incoherent diffuse 
nature of the backscattered signal in the calculation of the scattering 
induced attenuation. A simple model was introduced to demonstrate the high 
degree of overestimation made by using the total scattering cross-section 
to calculate the attenuation. The backscattering technique measures the 
average intensity in a certain depth rather than the (phase-sensitive) field 
average, therefore the resultant attenuation is smaller than that of the 
coherent through-transmitted signal. 
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